Organs are made from cells whose individual growth rates differ, yet the final shape of organs is highly robust. A new mechanics-based system is proposed to physically restrain cells that grow more than their neighbours, buffering their influence on organ size and shape.
Early work on growth and development by Thompson placed great emphasis on the role of mechanical forces [1] . However, in the intervening decades, much more focus has been placed on the role of chemical gradients in determining and coordinating growth and form, reflecting the insights provided by Turing, Meinhardt, Wolpert and others [2] [3] [4] , with the role of mechanics being relegated to a minor or, indeed, often negligible role. In contrast, the last few years has seen a resurgence of interest in the role of mechanical forces in development [5] [6] [7] [8] and has begun to see a reconciliation of these two apparently distinct ways of viewing a fundamental aspect of biology.
A fascinating facet of this problem is that organisms (and their constituent organs) show highly robust shapes and relative sizes [9] . Despite this constancy in form, in most instances the constituent cells from which organs are constructed show variation in the patterns of growth and division that eventually define the final shape and size of the organ. Trends are decipherable, but the extent to which an individual cell (and its progeny) contributes to the ultimate form of an organ is generally difficult to predict. Moreover, early experiments in which patterns of cell division were altered often led to surprisingly limited effects at the scale of whole-organ shape and size [10] [11] [12] . These observations indicate that there must be some way in which noise in the form-generating system is smoothed, decreased, ignored or compensated to ensure the 'correct' overall form is produced. The mechanism by which this occurs remains obscure and hotly debated. A new study in this issue of Current Biology by Hervieux et al. [13] sheds light on this mystery by showing that, in plants, a more rapidly growing cell can trigger a response in its neighbours which acts to mechanically limit the influence of the cell on the overall growth of the organ in which it resides.
This study uses the sepal of Arabidopsis flowers to explore the role that local mechanical interactions might play in smoothing out local irregularities in growth. Sepals form the outermost ring of leaf-like organs of the flower, serving to protect the delicate inner organs required for gamete production. They have become established as a good experimental system since their size and shape are particularly robust, they are amenable to in vivo imaging, and the plethora of genetic tools and resources available allows an array of exquisite experiments to test hypotheses relating cell division and growth to overall organ form [14] . For example, in this study Hervieux and colleagues use a combination of cell tracking, quantitative visualisation of the cytoskeleton and computational modelling, as well as molecular genetics, to explore the sepal system.
The paper focuses on a specific cell type, the trichome. These are small hairs that arise out of the otherwise smooth surface of the sepal and are a classical system in plant cell biology for studying both patterning and differentiation [15] . It is known that during the earliest stage of trichome initiation, individual cells on the sepal surface start to grow laterally, pushing outwards against the surrounding cells. The newly published study demonstrates that this outward push leads to neighbouring cells altering the polarity of their cytoskeletal microtubules so that they lie transversely to the direction of push. This leads to the formation of a supra-cellular ring of microtubules around the central initiating trichome cell (Figure 1 ). The authors propose that this ring acts to mechanically isolate/constrict the expanding central cell, limiting its further lateralgrowth and, thus, its influence on growth of the sepal as a whole.
To support this interpretation, the authors use previously characterised mutants in which the plant cytoskeleton is less or more responsive to mechanical perturbation, as well as mutants with altered trichome density. These data show that the growth properties of the system change essentially as predicted by their computational mechanical models. Since many trichomes arise on a single sepal, the authors envisage the surface of the growing organ containing a field of rings, each mechanically isolating an initiating trichome cell (Figure 1 ). These iron out and contain the conflict in local tensions that arise due to repeated differences in local differential growth across the surface of the sepal.
The idea of mechanically isolating individual cells that are growing 'too much' is a neat way of limiting their potential influence on overall growth of the sepal. There are, however, other means by which this could occur. For example, in the specific case of trichomes it is clear that a major change that happens in these cells is a dramatic switch in the direction of growth, so that very shortly after the increase in lateral growth (x-y plane), the cells start to shoot up in a vertical direction (z plane). This is reminiscent of buckling, a wellcharacterised process in materials science which allows rapid dissipation of mechanical tension. Such buckling has long been suggested as a mechanism behind sudden switches in growth direction during, for example, organ initiation [16] . Thus, buckling might play an additional role to the isolation mechanism proposed here to dissipate local growth-related tensions generated during early trichome formation. In addition, as is common in this type of experimental approach, it is very difficult to exclude the possibility that the observed switch in cytoskeletal organisation observed does not occur in parallel with some element of local chemical signalling, although an exclusively mechanical process (as postulated by the authors) is the most elegant and simplest interpretation.
Accepting that mechanical responses play a role in buffering discontinuities in tension caused by local differential growth, the question remains as to whether such physical forces play a major role in integrating growth over longer scales (i.e., over the whole sepal). The analysis of various mutants by Hervieux et al. shows that the ring-isolating mechanism appears to be important in limiting the variation in sepal shape between individuals from one genetic background. However, different mutants clearly display distinct sepal shapes and sizes. Do mechanical processes 'simply' act to refine or provide robustness to a genetically defined chemical-gradient system which is the real driver of growth and form? Or do mechanical forces act over longer distances to co-ordinate development? Evidence from other work, both in plants and animals, suggests that the latter is possible. For example, work on fruit flies demonstrates a role for mechanical forces in orienting cell division and tissue shape [8, 17, 18] , and recent papers from the plant world provide evidence that mechanical forces can act over relatively large distances to orient the cell divisions leading to the formation of stomata and, indeed, contribute to growth control at the tip of the sepal [19, 20] . Whether these observations reflect specialized cases or are indicative of a Figure 1 . Microtubule re-organisation in response to growth-generated force presages mechanical isolation of the growing cell.
(A) An initiating trichome (red cell) exerts force on its neighbours as its growth increases. Microtubules (green) in the surrounding cells respond by aligning perpendicular to the local growth vector, creating a supra-cellular ring around the trichome (B). The orientation of microtubules is proposed to lead to stiffening of the cell walls, creating rings (green) around initiating trichomes within the sepal (represented by an ellipse; C), limiting any further influence of these cells on the planar growth of the sepal. more general phenomenon is open to discussion and further investigation.
Clearly our knowledge and understanding of the chemical systems underpinning growth and patterning remain far in advance of the mechanical systems acting in biological systems to co-ordinate cellular activities. However, the rapid progress being made raises the prospect that the next few years will see further integration of chemical and physical viewpoints, possibly leading, after a century of research, to a reconciled Thompson/Turing view of growth and form.
